T
he phosphatidylinositol 3-kinase (PI3K) signaling system is highly conserved across eukaryotic species and plays critical roles in transducing a wide range of signals into appropriate cellular responses. Class I PI3Ks phosphorylate phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to generate phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) , and this results in the activation of several downstream pathways. One important, and extensively studied, enzyme activated downstream of PI3K is the Ser/Thr kinase Akt (also known as protein kinase B [PKB]), of which 3 distinct isoforms have been identified in mammalian cells (1) (2) (3) . Akt has attracted considerable interest due to its roles in cell survival and insulin signaling, although PI3K-Akt signaling also has roles in immunity. PI3K signaling is involved in the development and proliferation of T and B cells (4) . The PI3K-Akt signaling pathway has also been suggested to regulate the responses of macrophages to inflammatory stimuli (5, 6) . Studies using early PI3K inhibitors such as wortmannin or LY-294002 have produced conflicting reports with both positive and negative roles in regulating the production of inflammatory cytokines being described (5, 7) . Some of these differences could be explained by off-target activities of these inhibitors. Genetic studies have also provided evidence for a role for PI3K in innate immunity, as dendritic cells (DCs) lacking the p85 subunit of PI3K express higher levels of interleukin 12 (IL-12) (8) and transgenic mice expressing constitutively active Akt (MyrAkt) express higher levels of IL-10 following lipopolysaccharide (LPS) challenge (9) , lending support for the notion that PI3K-Akt activation downstream of Toll-like receptor (TLR) signaling may act as a safety mechanism to limit the response to pathogens. Furthermore, PI3K is involved in macrophage migration and phagocytosis (10, 11) , with p85 alpha and beta double-knockout cells demonstrating a key role for PI3K in phagosomal cup formation (12) .
The generation of PIP 3 by PI3K induces Akt activation by recruiting it to the membrane via interaction of its pleckstrin homology (PH) domain with PIP 3 . Once at the membrane, Akt is then activated by phosphorylation on two sites: Thr308 in the T-loop of the kinase domain and Ser473 in the C-terminal hydrophobic motif. Thr308 phosphorylation is critical for Akt activation, and Thr308 is phosphorylated in vivo by PDK1 (3-phosphoinositide-dependent protein kinase 1), which is also recruited by PIP 3 to the membrane via its own PH domain (13, 14) . Embryonic stem (ES) cells from mice lacking PDK1 are unable to phosphorylate Akt on Thr308, while ES cells with a mutation of the PH domain in PDK1 that prevents its recruitment to the membrane show significantly reduced activation of Akt in response to insulin-like growth factor (IGF) (15) (16) (17) .
While PDK1 has been clearly established as the kinase responsible for Thr308 phosphorylation, the kinase responsible for phosphorylation of the hydrophobic motif has been more elusive. Several kinases have been proposed as Ser473 kinases for Akt, including MK2 (mitogen-activated protein kinase [MAPK]-acti-vated protein kinase 2), integrin-linked kinase (ILK), doublestranded DNA-dependent protein kinase (DNA-PK), protein kinase C␣, and ataxia telangiectasia mutated gene product (ATM) (18) (19) (20) (21) (22) . However, the relevance of these kinases to in vivo phosphorylation has been controversial (23) . It has since been established that mTORC2 (mammalian target of rapamycin complex 2), consisting of mTOR, Rictor, Sin1, mLST8, and Protor, controls the phosphorylation of Ser473 (24, 25) . Studies using Rictor knockout cells have confirmed these results and shown greatly reduced Ser473 phosphorylation following IGF, platelet-derived growth factor (PDGF), or insulin stimulation in Rictor knockouts compared to that in wild-type cells (1, (26) (27) (28) .
MK2 is activated downstream of the p38␣ MAPK cascade (29) and was one of the first kinases shown to phosphorylate Akt on Ser473 in vitro (18) . A role for MK2 in regulating Ser473 phosphorylation in vivo had initially been discounted since under some circumstances where there is strong activation of Akt, for instance, stimulation of HEK293 cells with IGF, there is little or no activation of p38 or MK2 (18) . Furthermore, p38 inhibitors do not block IGF-or H 2 O 2 -stimulated Akt activation (30) , which is consistent with a role for mTORC2 in Akt Ser473 phosphorylation in these pathways. However, there are some circumstances under which p38 inhibitors have been shown to block Akt activation. For example, the p38 inhibitor SB203580 blocks Ser473 phosphorylation in human neutrophils, while angiotensin II-stimulated Ser473 phosphorylation is blocked in vascular smooth muscle cells at concentrations similar to those required for inhibition of p38␣ (31, 32) . It has also been suggested that MK2 and Akt exist in a complex mediated by Hsp27 in polymorphonuclear leukocytes (33) . However, genetic proof that MK2 can act as an in vivo Ser473 kinase is lacking.
MK2 has important roles in macrophages and DCs, including the regulation of pinocytosis and the production of tumor necrosis factor alpha (TNF-␣) downstream of TLR signaling (29, 34) . It has also been shown that MK2 and the related kinase MK3 play a role in the activation of ribosomal S6 kinase (RSK) in DCs in response to LPS stimulation (34) . RSK possesses two kinase domains, of which the N-terminal domain is related to the kinase domain of Akt. The C-terminal kinase domain normally phosphorylates the hydrophobic motif in the N-terminal kinase domain of RSK; however, following stimulation of DCs with LPS, MK2 and MK3 were able to phosphorylate this residue (34) . Interestingly, the ability of MK2/3 to phosphorylate RSK seems to be restricted to TLR signaling, as in most cells RSK activation is completely independent of p38␣ and MK2/3. However, as the hydrophobic domain site in RSK that is phosphorylated by MK2/3 is analogous to Ser473 in Akt, it raises the possibility that MK2 and/or MK3 also regulates Akt phosphorylation downstream of TLR signaling. We therefore assessed the requirement for MK2 and -3 in the activation of Akt in macrophages.
MATERIALS AND METHODS

Mice.
Mice with a T106M knock-in mutation in p38␣ or both p38␣ and p38␤ and MK2/MK3 knockouts have been described previously (34, 35) . To generate mice with a conditional loss of function for PDK1 or mTORC2 in hematopoietic cells, mice with either PDK1 (36) or Rictor (37) floxed alleles were crossed with mice expressing a Vav-Cre transgene (38) . Mice with floxed hspB1 (Hsp25) were crossed with CMV-Cre mice to generate the hspB1 ϩ/del strain (J. Crowe, A. Aubareda, K. McNamee, P. M. Przybycien, X. Lu, R. O. Williams, G. Bou-Gharios, J. Saklatvala, and J. L. Dean, submitted for publication). Heterozygotes were then intercrossed to generate homozygous hspB1 del/del and hspB1 ϩ/ϩ mice. Knockout mice were backcrossed onto C57BL/6J mice for at least 6 generations before use.
Cell culture. RAW264.7 cells were maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml of penicillin G, and 100 g/ml of streptomycin. HeLa cells were maintained in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml of penicillin G, and 100 g/ml of streptomycin. BMDMs were isolated as described previously (39) . Freshly isolated bone marrow cells were differentiated in bacterialgrade plastic dishes in BMDM medium (DMEM supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 U/ml of penicillin G, 100 g/ml of streptomycin, 0.25 g/ml of amphotericin [Invitrogen], and 5 ng/ml of macrophage colony-stimulating factor [M-CSF; R&D Systems]). After 7 days, macrophages were passaged onto tissue culture plastic and used the following day. For Rictor knockout BMDMs, frozen bone marrow cells were thawed and cultured in bacterial-grade plastic dishes in complete RPMI medium (RPMI medium supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml of penicillin G, 100 g/ml of streptomycin, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 10 mM HEPES buffer, and 100 M ␤-mercaptoethanol) combined with 30% L929-conditioned medium. Cells were fed after 3 to 4 days by the addition of 50% more medium and passaged onto tissue culture plastic in complete RPMI medium without L929-conditioned medium after 7 days. Splenic macrophages were cultured from PDK1 VavCre mice as described above for BMDMs.
To generate sufficient numbers of primary macrophages for the timeresolved fluorescence resonance energy transfer (TRFRET) assay, bone marrow cells were isolated and expanded in culture using a method adapted from reference 40. Cells were expanded in bacterial-grade plastic dishes in BMDM medium without recombinant colony-stimulating factor (rCSF) but with the addition of recombinant murine IL-3 (10 ng/ml), recombinant murine IL-6 (10 ng/ml), and stem cell factor (SCF) (50 ng/ ml). Both adherent and nonadherent cells were passaged every 2 to 3 days, and after 13 days, cells were plated in medium without IL-3, IL-6, or SCF but with rCSF for a further 3 days to allow differentiation into macrophages. On day 16, adherent cells were passaged onto tissue culture plastic for experimentation the following day.
Stimulation of cells. Cells were stimulated with 100 ng/ml of LPS, 10 g/ml of anisomycin, 1 g/ml of Pam 3 CSK 4 , 10 g/ml of poly(I·C), 1 g/ml of CL097, 2 M CpG-ODN1826, 200 g/ml of zymosan, 10 g/ml of curdlan, 50 ng/ml of granulocyte-macrophage colony-stimulating factor (GM-CSF), 10 nM C5a, or 0.5 to 5 mM H 2 O 2 for various times. Where indicated, cells were preincubated for 1 h with 5 M SB203580, 0.1
Immunoblotting. For immunoblotting, cells were lysed in 50 mM Tris-HCl (pH 7.5), 1 mM EGTA, 1 mM EDTA, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 1 mM sodium pyrophosphate, 0.27 M sucrose, 1% (vol/vol) Triton X-100, 0.1% (vol/vol) 2-mercaptoethanol, 1 M microcystin-LR, and complete proteinase inhibitor cocktail (Roche). Lysates were clarified by centrifugation (13,000 rpm for 10 min at 4°C) and supernatants snap-frozen and stored at Ϫ80°C. The protein concentration was determined with Coomassie protein assay reagent (Thermo Scientific). Proteins were separated on 10% polyacrylamide gels, and immunoblotting was carried out using standard techniques. Antibodies against phospho-Thr308 Akt, phospho-Ser473 Akt, phospho-Thr334 MK2, phospho-Thr180/Tyr182 p38, total MK2, total p38, phospho-Ser82 Hsp27, total Hsp27, phospho-Thr573 p90RSK, phospho-Thr24/Thr32 FOXO1/FOXO3a, phospho-Thr389 p70 S6 kinase, phospho-Ser21/9 glycogen synthase kinase 3␣/␤ (GSK3␣/␤), phospho-Thr202/Tyr204 extracellular signal-regulated kinase 1/2 (ERK1/2), total ERK1/2, and total Jun N-terminal protein kinase (JNK) were from Cell Signaling. The antibod-ies against total RSK and total GSK3␤ were from Transduction Laboratories, the antibody against total FOXO3a was from Biolegend, the antibody against phospho-Thr183/Tyr185 JNK was from Invitrogen, the antibodies against total PTEN and SHIP1 were from Santa Cruz, and the antibody against total PDK1 was from BD Biosciences. The antibodies against total Akt (41), total SHIP2 (42), and total p70 S6 kinase (43) were raised by the Division of Signal Transduction Therapy (DSTT) and have been described previously. Equal protein concentrations in the lysates were confirmed by blotting for total ERK1/2 in addition to the total antibodies to the relevant phospho-specific antibodies. Most membranes were probed with a single antibody; however, where indicated, membranes were stripped using Re-Blot Plus buffer (Millipore) before reprobing with a second antibody.
For Fig. 3B , membranes were cut after transfer; the upper part was blotted for phospho-Ser473 Akt and the lower part for total ERK1/2. Membranes were imaged using a charge-coupled-device (CCD) camera and quantified using Aida software. A standard curve for the antibody response was obtained using serial dilutions of the sample stimulated with 5 mM H 2 O 2 that were run on the same gel by curve fitting to a 3-parameter logistic function in SigmaPlot. This standard curve was used to determine the amount of Ser473 phosphorylation present in the LPS-stimulated samples relative to the sample stimulated with 5 mM H 2 O 2 . Values were then corrected for loading using the quantification of the ERK1/2 signal.
Akt kinase assay. Assay of Akt kinase activity was carried out as described previously (15) . Briefly, cells were lysed in 50 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM EGTA, 1% (wt/vol) Triton X-100, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, 10 mM sodium glycerophosphate, 0.27 M sucrose, and 0.1% (vol/vol) 2-mercaptoethanol (lysis buffer). Akt was immunoprecipitated from 500 g of lysate using a sheep anti-Akt antibody coupled to protein G-Sepharose. Immunoprecipitates were washed once in lysis buffer with 0.5 M NaCl, once in 50 mM Tris-HCl (pH 7.5), 0.1 mM EGTA, 0.5 M NaCl, and 0.1% (vol/vol) 2-mercaptoethanol, and once in 50 mM Tris-HCl (pH 7.5), 0.1 mM EGTA, and 0.1% (vol/vol) 2-mercaptoethanol. Kinase activity was measured against 30 M Crosstide peptide (GRPRTSSFAEG) in 50 mM Tris-HCl (pH 7.5), 0.1 mM EGTA, 2.5 M PKI (TTYADFIASGR TGRRNAIHD, a peptide inhibitor of cyclic AMP [cAMP]-dependent protein kinase), 10 mM magnesium acetate, 0.1 mM [␥-
32 P]ATP (ϳ500 cpm/pmol), and 0.1% (vol/vol) 2-mercaptoethanol. Reactions were terminated by transfer onto P81 paper and washing in 100 mM orthophosphoric acid, and 32 P radioactivity was measured by Cerenkov counting in a liquid scintillation counter. One unit of protein kinase activity was the amount that catalyzed the incorporation of 1 nmol of phosphate into the substrate in 1 min at 30°C.
Measurement of lipid levels. PIP 3 levels were measured using a TRFRET displacement assay as described previously (44) . Briefly, following treatment of cells (ϳ2ϫ10 7 cells per data point), medium was aspirated and cells were precipitated with 0.5 M trichloroacetic acid (TCA) on ice. Neutral lipids were extracted from the pelleted precipitate with methanol-chloroform (2:1) by vortexing 3 or 4 times in 10 min at room temperature, and the solvent was discarded. Acidic lipids were extracted from the pellet with chloroform-methanol-12 M HCl (40:80:1) with occasional vortexing for 15 min at room temperature. The organic phase was separated by the addition of chloroform and 0.1 M HCl, followed by vortexing and centrifugation. The organic phase was collected into a clean tube and dried in a SpeedVac centrifuge. Lipids were resuspended by sonication in 60 l of assay buffer (50 mM Tris-HCl [pH 7], 150 mM NaCl, 1 mM dithiothreitol [DTT], 0.5 mM EGTA, 1.2% Na cholate). The mass of inositol lipid was estimated by adding 25 l of the resuspended lipid to 25 l of sensor complex [50 mM Tris (pH 7.5), 150 mM NaCl, 2 mM DTT, 0.02% Na cholate containing streptavidin-allophycocyanin at 3.3 g/ml, glutathione S-transferase (GST)-GRP1 PH domain at 3.5 g/ml, Eu chelate-labeled anti-GST antibody at 2.56 g/ml, and 120 nM biotinylated di-C6 PI(3,4,5)P3]. Comparison to a standard curve from 5,000 pmol to 0.064 pmol/well gives an estimate of PIP 3 in the sample. Plates were read using an LJL Analyst.
RESULTS
LPS-induced phosphorylation of Akt on Thr308 and Ser473 requires p38.
To examine the activation of Akt in macrophages, RAW264.7 cells were stimulated with the TLR4 agonist LPS and phosphorylation of Akt was analyzed by immunoblotting. LPS induced the phosphorylation of Akt on both Thr308 and Ser473, which was maximal at 15 to 30 min (Fig. 1A) . The activation of Akt has been shown to be dependent on PI3K signaling in other cell types (45) , and in line with this, the PI3K inhibitors PI-103 (46) and GDC-0941 (47) were able to block Akt phosphorylation in response to LPS (Fig. 1B) . Furthermore, the allosteric Akt inhibitor MK-2206, which inhibits phosphorylation at both Thr308 and Ser473 (48), was also able to block phosphorylation of both these sites in response to LPS (Fig. 1B) .
To assess whether there was PI3K isoform specificity in the regulation of Akt phosphorylation in macrophages stimulated with LPS, we examined the phosphorylation of Ser473 and Thr308 in the presence of isoform-specific PI3K inhibitors (49) . Phosphorylation of both sites was blocked in the presence of the PI3K p110␣ inhibitor PIK75 but not with the PI3K p110␤ and p110␦ inhibitors TGX221 and IC87114, respectively (Fig. 1C) .
In RAW264.7 cells, LPS also induced phosphorylation of p38␣ and its downstream kinase MK2. Like Akt phosphorylation, this could be detected by 15 min of stimulation; however, p38␣ activation was more transient than Akt phosphorylation (Fig. 1A) . The phosphorylation of p38␣ and MK2 was unaffected by the inhibition of PI3K (Fig. 1C) . To examine the potential role for the p38 pathway in Akt activation in macrophages, three structurally unrelated p38␣/␤ inhibitors, SB203580, VX-745, and BIRB0796, were used. LPS-induced Akt phosphorylation on both Thr308 and Ser473 was greatly reduced by the p38 inhibitors SB203580, VX-745, and BIRB0796 (Fig. 1D) . The phosphorylation of Akt on both Thr308 and Ser473 is required for full activation of Akt. In line with the ability of LPS to promote Akt phosphorylation, it was also able to activate Akt as judged by immunoprecipitation kinase assays (Fig. 1E) . Preincubation of the cells with the PI3K inhibitor PI-103 or the p38␣/␤ inhibitors SB203580 and BIRB0796 was able to inhibit the ability of LPS to induce Akt kinase activity (Fig. 1E) .
LPS-induced Akt phosphorylation requires p38␣ and MK2/3. While the above-described experiments with p38␣/␤ inhibitors are consistent with a role for p38␣ or -␤ in regulating Akt activity in macrophages, a drawback with the use of kinase inhibitors is that they can, in some cases, have off-target effects. Although SB203580, BIRB0796, and VX-745 have a good selectivity for p38␣ and p38␤ (Table 1) (46), it is possible that their effect on Akt phosphorylation is due to an off-target activity. To confirm that SB203580 was acting via p38 and to examine if p38␣ or p38␤ was the critical isoform, we utilized cells from mice in which endogenous p38␣ is mutated so that it is no longer inhibited by SB203580 (35) . SB203580 inhibits p38␣ by binding to the ATPbinding pocket, and much of the specificity SB203580 has for p38␣/␤ is due to the presence of a Thr at position 106 in p38␣ and the equivalent residue in p38␤. In most kinases, this position is occupied by an amino acid with a larger side chain, and this prevents the binding of SB203580 to these kinases. Mutation of Thr106 to Met in the ATP binding pocket of p38␣ is sufficient to reduce the sensitivity to inhibition by SB203580, but it does not affect the ability of the kinase to bind ATP or phosphorylate its normal substrates (35) . LPS was able to stimulate Ser473 phosphorylation in bone marrow-derived macrophages (BMDMs), and this was inhibited by SB203580 in wild-type cells ( Fig. 2A) . In wild-type cells, SB203580 also inhibited the phosphorylation of the p38␣ substrate MK2. However, in BMDMs from p38␣ Thr106Met knock-in mice, SB203580 was unable to block the phosphorylation of MK2, confirming that the Thr106Met mutation had generated a p38␣ that is resistant to SB203580 (Fig. 2A) . SB203580 was also unable to inhibit Ser473 Akt phosphorylation in the Thr106Met knock-in cells, confirming that the action of SB203580 in wild-type cells was via p38␣ and not an off-target effect of the inhibitor (Fig. 2A) . Similar results were also obtained for mice carrying the Thr106Met knock-in in both p38␣ and p38␤ ( Fig. 2A) .
p38␣ is a proline-directed kinase and therefore unlikely to directly phosphorylate either Thr308 or Ser473 in Akt, as these residues are not followed by a proline. However, Ser473 does lie in a consensus sequence for MK2 phosphorylation. Consistent with this, it is known that MK2 is an efficient in vitro kinase for Ser473 in Akt (18) , although the direct phosphorylation of Akt by MK2 has not been shown in cells (30) . MK2 and the closely related kinase MK3 are activated by p38␣ in response to LPS stimulation in macrophages ( Fig. 1 and 2 ) (50). To examine the role of MK2/3 in regulating LPS-induced phosphorylation of Akt, we isolated BMDMs from MK2, MK3, and MK2/3 double-knockout mice. Knockout of either MK2 or MK3 alone had little effect on Ser473 and Thr308 phosphorylation of Akt, although BMDMs with a knockout of both MK2 and MK3 displayed greatly reduced phosphorylation of Ser473 and Thr308 (Fig. 2B) . It should be noted that in MK2 or MK2/3 knockouts, p38␣ is expressed at lower levels than in wild-type cells. MK2 has been shown to be involved in the stabilization of p38␣, and a reduction in p38 levels in MK2 or MK2/3 knockout mice has been previously reported (50) . It could be argued that the observed effects on Akt phosphorylation may be due to a reduction of p38␣ levels in the MK2/3 knockouts rather than a direct role for MK2 and -3. To examine this, we used the recently described MK2/3 inhibitor PF3644022 (51). To confirm that the inhibitor was effective at blocking MK2 activity in cells, we analyzed the phosphorylation of the MK2 substrate Hsp27 in HeLa cells in response to anisomycin stimulation (Fig.  2C ). This demonstrated that 5 M PF3644022 was able to completely inhibit MK2/3 activity in cells. We were unable to examine the phosphorylation of Hsp25, the murine homolog of Hsp27, in macrophages, as we were unable to detect expression in these cells by immunoblotting, which is consistent with previous studies (52) . In macrophages, 5 M PF3644022 was able to block the phosphorylation of Akt on both Thr308 and Ser473 (Fig. 2D ). GSK3 and FOXO1/3 have previously been shown to be direct substrates for Akt (1). We therefore tested the effect of MK2/3 knockout on the ability of LPS to induce GSK3 and FOXO phosphorylation. LPS was found to induce FOXO phosphorylation using an antibody that recognizes FOXO1 or -3 phosphorylated on the N-terminal Akt sites. In line with the reduced activation of Akt, the phosphorylation of FOXO was reduced in MK2/3 doubleknockout cells (Fig. 2B) . LPS also induced GSK3 phosphorylation; however, this was not affected by loss of MK2 and 3 (Fig. 2B) . In addition to being phosphorylated by Akt, GSK3 can also be phosphorylated on the same sites by the ERK1/2-activated kinase RSK (53) . To examine this possibility, BMDMs were treated with kinase inhibitors against either the Akt or ERK1/2 pathway before LPS stimulation. While the Akt inhibitor MK2206 blocked FOXO phosphorylation, it did not have a major effect on GSK phosphorylation (Fig. 2E) . Treatment of the cells with the RSK inhibitor BI-D1870 or the MEK1/2 inhibitor PD184352 (which blocks ERK1/2 and therefore RSK activation) did modestly reduce GSK3 phosphorylation, although a combination of MEK1/2 and Akt inhibitors had a greater effect. This suggests that Akt is not the only GSK3 kinase downstream of LPS and that GSK3 is targeted by multiple pathways in response to LPS stimulation of macrophages (Fig. 2E) . Akt can also phosphorylate TSC2 and thereby promote mTORC1 activation (1), which leads to p70S6 kinase phosphorylation on Thr389. LPS stimulated Thr389 phosphorylation of p70S6 kinase, and this was reduced by double knockout of MK2 and -3 (Fig. 2B) .
MK2 and -3 are required for Akt phosphorylation downstream of multiple TLR agonists. LPS acts via TLR4, which can utilize both the MyD88 and Trif adapter proteins to couple to downstream signaling pathways. With the exception of TLR3, which uses only Trif, all other TLRs use MyD88 as an adapter. We therefore tested the role of MK2/3 in Akt activation downstream of other TLRs. Stimulation of BMDMs using poly(I·C) as an agonist for TLR3 also promoted Akt phosphorylation on Thr308 and Ser473, and consistent with our observations with LPS, TLR3-induced Akt phosphorylation was also inhibited by the knockout of MK2/3 (Fig. 3A) . Stimulation of BMDMs with any of the MyD88-dependent agonists Pam 3 CSK 4 (TLR1/2), CpG (TLR9), and CL097 (TLR7/8) was also able to induce Akt phosphorylation, and again, this was reduced in MK2/3 knockout cells (Fig. 3A) . Thus, MK2/3 knockout reduces Akt activation in BMDMS in response to both MyD88-dependent (TLR1/2, TLR4, TLR7/8, and TLR9) and Trif-dependent (TLR3) stimuli. As TLRs are not the only pattern recognition receptors (PRRs) in macrophages, we also assessed the activation of Akt with agonists of dectin-1, a receptor involved in the recognition of fungal ligands. Zymosan is an extract of yeast cell wall that stimulates macrophages via a combination of dectin-1 and TLR2 (54) . In response to zymosan, the phosphorylation of Akt was reduced in MK2/3 knockout cells relative to that in wild-type BMDMs, although the effect was less pronounced than that observed for TLR agonists ( Fig. 3A; see Fig.  5C ). Curdlan is a selective dectin-1 agonist in BMDMs (55) . Curdlan was a much weaker stimulus than zymosan for both Akt and p38; however, the phosphorylation of Akt in response to curdlan was still slightly reduced by MK2/3 knockout (Fig. 3A) . We also analyzed the activation of Akt by non-PRR stimuli. C5a and GM-CSF have been reported to activate Akt in macrophages (56, 57) . In agreement with this, both of these stimuli induced the phosphorylation of Akt, and the level of phosphorylation was comparable to that seen with LPS. Both C5a and GM-CSF were, however, very poor activators of the p38 pathway, and in line with this, knockout of MK2 and 3 did not have any major effects on Akt Thr308 or Ser473 phosphorylation in C5a-or GM-CSF-stimulated cells (Fig. 3A) . To further assess the degree to which Akt was phosphorylated in BMDMs in response to LPS, wild-type cells were stimulated with increasing concentrations of either LPS or H 2 O 2 , a stimulus known to be a strong activator of Akt (30) . In BMDMs, H 2 O 2 gave a maximal phosphorylation of Akt on Ser473 at 5 mM (Fig. 3B) , and at concentrations above 5 mM H 2 O 2 , the phosphorylation of Akt was diminished (data not shown). Stimulation with 100 ng/ml of LPS gave approximately 20% of the total phosphorylation achievable with 5 mM H 2 O 2 (Fig. 3B) . Increasing the concentration of LPS did not further increase Akt phosphorylation.
Regulation of Akt by MK2/3 is independent of Hsp25. It has been proposed that Hsp27, the human homolog of Hsp25, acts as a scaffold to regulate Akt phosphorylation downstream of p38/ MK2 signaling in human polymorphonuclear leukocytes and transfected L929 cells (33, 58) . We therefore sought to determine whether this mechanism also functioned in primary murine macrophages. Since we were unable to detect Hsp25 in BMDMs by immunoblotting (data not shown), we isolated BMDMs from HspB1 (Hsp25) knockout animals (Crowe et al., submitted) and assessed the phosphorylation of Akt in response to LPS (Fig. 4) . In both wild-type and Hsp25 knockout cells, LPS was able to induce phosphorylation of both Thr308 and Ser473 on Akt, which was prevented by pretreatment of cells with SB203580. These data demonstrate that the genetic deletion of Hsp25 does not prevent activation of Akt downstream of p38-MK2 signaling in macro-phages, suggesting that Hsp25 is dispensable for the regulation of Akt activity in response to TLR4 signaling.
PDK1 and mTORC2 are required for Akt phosphorylation in macrophages. The data shown in Fig. 1 to 3 demonstrate that MK2 and -3 are required for the phosphorylation of Akt in response to TLR stimulation. This could be consistent with either a direct phosphorylation of Akt by MK2/3 or a role for MK2 and -3 in controlling the activity of an upstream component of the Akt pathway. However, while MK2 is an efficient in vitro kinase for Ser473 on Akt (18), Thr308 does not lie in an MK2 consensus sequence, making a role for direct phosphorylation of Akt by MK2/3 less likely. Importantly, knockout of MK2 and -3 did not result in a global inhibition of TLR signaling, as both the ERK1/2 and JNK MAPK pathways were activated normally in response to TLR agonists in MK2/3 knockout BMDMs (Fig. 3A) . We therefore investigated if MK2/3 regulated Akt phosphorylation via a direct or indirect mechanism. It is well established that PDK1 is required for Thr308 phosphorylation of Akt in response to IGF stimulation (15) . To determine if PDK1 played a role in Thr308 phosphorylation downstream of TLR signaling, we isolated spleen-derived macrophages from mice with a conditional knockout of PDK1 in hematopoietic cells. These mice are viable, and although T and B cell development is compromised, macrophages are present in the spleens of these mice (59) . In LPS-stimulated PDK1 null splenic macrophages, there was no detectable Thr308 phosphorylation, confirming that PDK1 is indeed the Thr-308 kinase in macrophages (Fig. 5A) . Splenic macrophages were used for this, as the knockout of PDK1 using Vav-Cre blocks the differentiation of BMDMs in vitro (unpublished data).
As the mTORC2 complex (consisting of mTOR, Rictor, mLST8, sin1, and Protor) has been shown to be required for phosphorylation of Ser473 in response to multiple stimuli that activate Akt (1), we examined the role of mTORC2 in regulating Ser473 phosphorylation in macrophages using the mTOR inhibitor Ku-0063794 (60) . In wild-type BMDMs, LPS-induced Akt phosphorylation was significantly reduced when cells were pretreated with Ku-0063794 (Fig. 5B) . Interestingly, however, in BMDMs lacking MK2/3, there was no induction of either Ser473 or Thr308 phosphorylation in response to LPS, and the basal phosphorylation of Ser473 was further reduced in the presence of Ku-0063794 (Fig.  5B) . The induction of both Ser473 and Thr308 phosphorylation in response to zymosan stimulation was also reduced in MK2/3 knockout BMDMs, and phosphorylation on both sites was further reduced in the presence of Ku-0063794 (Fig. 5C ). The decrease in Thr308 phosphorylation in the presence of Ku-0063794 is consistent with the original report describing the action of this inhibitor, which was interpreted as Ser473 phosphorylation inducing a conformational change that protects Thr308 from dephosphorylation (60) .
To examine this further, we analyzed Akt phosphorylation in BMDMs derived from conditional Rictor knockout mice (37). We did not observe any Ser473 phosphorylation in Rictor knockout cells, either basally or in response to LPS stimulation (Fig. 5D) , demonstrating that Rictor/mTORC2 is absolutely required for phosphorylation of Akt on Ser473 in macrophages. Thr308 phosphorylation was still inducible in Rictor knockouts in response to LPS, albeit at a lower level than in wild-type cells. This may be expected in the absence of Ser473 phosphorylation, since this site has been proposed to protect Thr308 from dephosphorylation (60) . These data demonstrate that PDK1 and mTORC2 are required for Akt phosphorylation in macrophages and indicate that MK2 and -3 do not directly phosphorylate Akt in macrophages. Instead, MK2 and -3 regulate the ability of PDK1 and mTORC2 to phosphorylate Akt. As Akt activation is dependent on its recruitment to the membrane and subsequent phosphorylation by both PDK1 and mTORC2, this could suggest that MK2/3 regulate the levels of PIP 3 in TLR-stimulated macrophages.
Accumulation of PIP 3 following LPS stimulation of macrophages requires MK2/3. A key step in the activation of Akt is its recruitment via its PH domain to PIP 3 in the membrane. Without this, PDK1 and mTORC2 are unable to gain access to the Thr308 and Ser473 sites in order to phosphorylate them. We therefore examined if p38␣ and MK2/3 affected PIP 3 production in response to LPS by directly analyzing the levels of PIP 3 in macrophages. In RAW264.7 cells, the LPS-induced production of PIP 3 was inhibited by the p38 inhibitors SB203580, VX-745, and BIRB0796 (Fig. 6A) . PIP 3 production was also blocked by the MK2 inhibitor PF3644022 (Fig. 6B ). To confirm a role for MK2/3 in regulating PIP 3 production, we analyzed lipid levels in BMDMs isolated from wild-type and MK2/3 double-knockout mice. In wild-type BMDMs, LPS stimulation resulted in the generation of PIP 3 , but this did not occur in BMDMs derived from MK2/3 knockout mice (Fig. 6C ). This suggests that MK2/3 regulate Akt activity by affecting the levels of PIP 3 in macrophages.
DISCUSSION
The data presented in this paper demonstrate that the kinases MK2 and MK3, which are activated downstream of p38, are important for regulating the activation of Akt in response to TLR signaling. We have utilized macrophages deficient in key components of the p38 and Akt signaling pathways together with kinase inhibitors to show that MK2/3 regulate Akt by affecting the availability of PIP 3 at the membrane. In the absence of MK2/3 activity, there is a marked reduction in the production of PIP 3 in response to LPS, which equates to a lower level of both Ser473 and Thr308 Akt phosphorylation and, hence, Akt activity. This requirement for MK2/3 in Akt activation was found for a variety of TLR ligands in macrophages. It should be noted, however, that this is not a universal effect for all Akt-activating stimuli, as C5a and GM-CSF could induce Akt activation independently of the p38-MK2/3 axis, while p38 has been shown to be dispensable for Akt activation in other pathways such as those downstream of heat shock and H 2 O 2 in fibroblasts (30) . Interestingly, however, a recent report has demonstrated a deficiency in Akt activation in p38␣ Ϫ/Ϫ T cells following TCR stimulation, suggesting that the effect of the p38-MK2 pathway on Akt activation may not be completely restricted to TLR signaling (61) .
A requirement for MK2/3 activity to elevate PIP 3 levels in response to LPS suggests that MK2/3 could function either by stimulating PI3K activity or by downregulating the activity of a PIP 3 phosphatase(s). Class IA PI3Ks are comprised of a p110 catalytic subunit (p110␣/␤/␦) and a p85 regulatory subunit (p85␣/␤). p85␣ and p85␤ contain two Src homology 2 (SH2) domains that recruit the p110 subunit to tyrosine-phosphorylated proteins via interaction with a phosphorylated YXXM motif, bringing it into BMDMs were cultured from wild-type or HspB1 knockouts. Cells were preincubated for 1 h with 5 mM SB203580 and then stimulated for the indicated times with 100 ng/ml of LPS. Cells were lysed and the levels of phosphoThr308 Akt, phospho-Ser473 Akt, total Akt, phospho-MK2 and total MK2, and total ERK measured by immunoblotting. Data are shown from two mice per genotype.
proximity of its lipid substrate (11) . The exact mechanism for PI3K activation in response to TLR engagement is not fully understood. p85 may bind the TLR receptor directly, or PI3K may be recruited to the receptor via YXXM-containing adapter proteins such as MyD88 (62, 63) . TLR2, -3, and -5 contain YXXM motifs, which, in the case of TLR2 and TLR3, have been shown to be required for downstream signaling (64, 65) . However, a YXXM motif has not been identified in TLR4, suggesting that a YXXMcontaining adapter protein may facilitate the activation of PI3K in response to LPS. Consistent with this, we have not been able to were stimulated for 30 min with 100 ng/ml of LPS and lysed, and the levels of phospho-Thr308 Akt, total Akt, and total PDK1 were measured by immunoblotting. (B) BMDMs were cultured from wild-type or MK2/3 knockouts. Cells were pretreated with 5 M SB203580 (SB) or 1 M Ku-0063794 for 1 h and then stimulated for the indicated times with 100 ng/ml of LPS. Cells were lysed and the levels of phospho-Thr308 Akt, phospho-Ser473 Akt, total Akt, phospho-and total p38, phospho-and total MK2, and total ERK measured by immunoblotting. For total Akt and total ERK, membranes were stripped and reprobed from the phospho-Thr308 Akt and total p38, respectively. (C) BMDMs were cultured from wild-type or MK2/3 knockouts. Cells were pretreated with 5 mM SB203580 (SB) or 1 mM KU-0063794 for 1 h and then stimulated for the indicated times with 200 mg/ml of zymosan. Cells were lysed and the levels of phospho-Thr308 Akt, phospho-Ser473 Akt, total Akt, phospho-p38 and total p38, phospho-MK2 and total MK2, and total ERK measured by immunoblotting. For total Akt and total ERK, membranes were stripped and reprobed from the phospho-Thr308 Akt and total p38, respectively. (D) BMDMs were cultured from wild-type or conditional Rictor knockouts. Cells were preincubated for 1 h with 5 M SB203580 (SB) or 1 M Ku-0063794 (KU) and then stimulated for the indicated times with 100 ng/ml of LPS. Cells were lysed and the levels of phospho-Thr308 Akt, phospho-Ser473 Akt, total Akt, phospho-p38 and total p38, phospho-MK2 and total MK2, and total ERK measured by immunoblotting. For total Akt and total ERK, membranes were stripped and reprobed from the phospho-Thr308 Akt and total p38, respectively. observe recruitment of PI3K to TLR4 in coimmunoprecipitation experiments (data not shown), although it is possible that a weak or transient recruitment of PI3K would have been missed.
MyD88 is proposed to associate with p85 in response to TLR4 engagement (62) , and although the interaction between MyD88 and p85 in response to TLR9 stimulation with CpG is abrogated when MyD88 carries a point mutation in the YXXM motif (Y257F) (66) , this has not been demonstrated in the case of TLR4 activation. The interaction between MyD88 and TLR4 is mediated by TIRAP (Toll-interleukin 1 receptor [TIR] domain containing adapter protein), which itself is recruited to the membrane by PIP 2 (67) . As the accumulation of PIP 3 is dependent on MK2/3 in response to LPS (Fig. 6 ), MK2/3 might function to enhance the association of PI3K with the receptor complex to facilitate activation of its lipid kinase activity.
Our data obtained through the use of selective PI3K inhibitors suggest that p110␣ may be the major isoform required for Akt activation by TLR4 (Fig. 1C) . It should be noted that our data do not exclude a role for p110␥, since PIK75 can block p110␥ activity in addition to p110␣ (49) . It is likely, however, that some degree of compensation occurs between p110 isoforms and that different isoforms may be utilized depending on the stimuli and cell type. Based on short hairpin RNA (shRNA) knockdown, a role for p110␣ has also been found in the RAW264.7 macrophage cell line downstream of the Fc␥ receptor (68) . Despite this, it has been reported by the same group that knockdown of p110␤ reduces LPS-induced Akt phosphorylation, while knockdown of p110␣ or knockout of p110␥ has no effect (56) , suggesting that isoform specificity varies with respect to the receptor that is activated. Furthermore, a recent study with dendritic cells has shown that a knock-in mutation rendering p110␦ catalytically inactive reduced LPS-induced Akt activation (69) . Further work will be required to resolve these conflicting results.
It is possible that the p38-MK2/3 pathway regulates PIP 3 levels via controlling PIP 3 -specific phosphatases rather than PI3K itself. SHIP (Src homology 2-containing inositol 5-phosphate) and PTEN (phosphatase and tensin homolog deleted on chromosome 10) hydrolyze PIP 3 to generate PI(3,4)P 2 and PI(4,5)P 2 , respectively, and therefore, both phosphatases can function to antagonize PI3K pathway activation. Consistent with this, macrophages deficient in either SHIP or PTEN have elevated levels of Akt phosphorylation (70, 71) . Thus, it is tempting to speculate that MK2/3 may affect PIP 3 production by modulating the activity of one of these phosphatases, although this does not appear to occur via affecting protein levels of the phosphatases, as these remain unchanged in MK2/3 knockout BMDMs (Fig. 3A) . It has been proposed, based on a comparison of knockout models, that PTEN acts constitutively to maintain low levels of PIP 3 while SHIP is recruited to the plasma membrane in response to PI3K activation (72) , so one possibility is that MK2/3 can interfere with SHIP recruitment to the membrane in response to LPS-induced signaling. The activation of TLRs is established to promote the induction of reactive oxygen species (ROS) in macrophages, and oxidative stress is known to activate Akt. Interestingly, the reversible oxidation of PTEN=s active-site cysteine has been proposed to regulate its activity (73) . In RAW264.7 macrophages, blocking the generation of ROS has been shown to reduce the activation of Akt and its phosphorylation on Ser473 in response to LPS (73) . In line with this, LPS promoted the oxidation and inhibition of PTEN (73) . This suggests that one mechanism for the activation of Akt in response to TLR signaling is indirect and may involve MK2/3-dependent ROS production, which, in turn, inhibits PTEN to result in elevated PIP 3 levels and Akt activation. This could also suggest that the generation of PIP 3 in this system can occur in part via basal PI3K activity, which might explain the conflicting results (discussed above) on the p110 isoform involved. Further work will, however, be required in order to determine how p38-MK2/3 (C) BMDMs were cultured from wild-type or MK2/3 knockouts and expanded as described in Materials and Methods. Cells were stimulated for 30 min with 100 ng/ml of LPS and PIP 3 levels determined as for panel A. Error bars represent the SEMs of 4 replicates from 2 mice per genotype. In all panels, a P value (Student's t test) of less than 0.05 is indicated by a single asterisk, a P value of less than 0.01 is indicated by double asterisks, and a P value of less than 0.001 is indicated by triple asterisks.
signaling fits into such a model, particularly as MK2 has recently been reported to either promote or inhibit ROS production depending on the cell type and stimulus (74) .
It is interesting that the Cot/tpl2-ERK1/2 pathway has also been reported to cross talk with the Akt pathway in TLR-activated macrophages (75, 76) . The regulation of Akt by Cot/tpl2 is distinct from that by MK2/3, as it is restricted to phosphorylation of Ser473. In Cot/tlp2 knockout BMDMs, there is no defect in Thr308 phosphorylation in response to LPS, but Ser473 is diminished along with Ser422 of SGK1, suggesting that Cot/tpl2 regulates Akt phosphorylation through mTORC2 activity (76) .
In summary, we show here that MK2 and MK3 are required for Akt activation following TLR stimulation of macrophages. While MK2/3 do not phosphorylate Akt directly on Ser473 or Thr308, these kinases are required for the accumulation of PIP 3 in response to LPS and therefore regulate Akt activity by affecting the PI3K pathway. The mechanism for exactly how this happens is currently unclear, but it may involve regulating the activity of a PIP 3 phosphatase or modulating PI3K activation. The data we present demonstrate cross talk between the p38␣-MK2/3 and Akt pathways in macrophages and describe novel regulation of Akt activity in TLR-mediated signaling.
